Alpha-synuclein (syn) is the main component of proteinaceous inclusions known as Lewy bodies (LBs), which are implicated in the pathogenesis of the neurodegenerative diseases known as synucleinopathies, like Parkinson's disease (PD). Aging is a major risk factor for PD and thus, interventions that delay aging will have promising effects in PD and other synucleinopathies. Caloric restriction (CR) is the only nongenetic intervention shown to promote lifespan extension in several model organisms. CR has been shown to alleviate syn toxicity and herein we confirmed the same effect on the yeast model for synucleinopathies during chronological lifespan. The data gathered showed that TOR1 deletion also results in similar longevity extension and abrogation of syn toxicity. Intriguingly, these interventions were associated with decreased autophagy, which was maintained at homeostatic levels. Autophagy maintenance at homeostatic levels promoted by CR or TOR1 abrogation in syn-expressing cells was achieved by decreasing Sir2 levels and activity. Furthermore, the opposite function of Tor1 and Sir2 in autophagy is probably associated with the maintenance of autophagy activity at homeostatic levels, a central event linked to abrogation of syn toxicity promoted by CR.
Introduction
␣-Synuclein (syn) is a major component of Lewy bodies (LB), the hallmark protein inclusions made up of insoluble and fibrillar forms of syn (Spillantini et al., 1998) , implicated in the pathology of several neurodegenerative diseases known as synucleinopathies, such as Parkinson disease (PD). Since the discovery of the involvement of syn in PD, a whole range of model systems have been developed to study syn toxicity. One of the most powerful and versatile cellular models to explore the molecular properties and the cellular dysfunction associated with synucleinopathies is the bakers' yeast Saccharomyces cerevisiae. Although S. cerevisiae lacks an orthologue of syn, heterologous expression of syn results in toxicity and cell death (Outeiro and Lindquist, 2003) . Moreover, several of the pathways that mediate syn toxicity in yeast cells were found conserved in other eukaryotic models for synucleinopathies Tenreiro et al., 2013) .
Caloric restriction (CR), without malnutrition, is the most effective and reproducible physiological intervention promoting longevity from yeast to mammals [reviewed in (Fontana and Partridge, 2015) ]. It was already demonstrated that CR could alleviate syn toxicity in different PD models, such as Caenorhabditis elegans, mice and primates (Cohen et al., 2004; Duan and Mattson, 1999; Jadiya et al., 2011; Maswood et al., 2004; Mladenovic et al., 2007; Vartiainen et al., 2006) , however, the molecular mechanisms involved are still not well understood. It is well established that CR intervention modulates the nutrient/metabolic-sensing pathways, including sirtuins, the target of rapamycin (TOR), and AMP-activated protein kinase (AMPK), to promote longevity (Jadiya et al., 2011; Maswood et al., 2004; Zhang et al., 2011) . Furthermore, mounting evidence suggests that autophagy is a downstream mechanism required for the longevity promoted by CR, as already demonstrated in several models, like yeast, C. elegans and human cell lines (Alvers et al., 2009; Jia and Levine, 2007; Morselli et al., 2010) . Autophagy has a recognized central role in cellular homeostasis maintenance, since physiological levels of autophagy act as a cytoprotective process during various stress conditions, and in contrast excessive or uncontrolled levels of autophagy are able to induce autophagy-dependent cell death (Sampaio-Marques et al., http://dx.doi.org/10.1016/j.mad.2016.04.006 0047-6374/© 2016 Elsevier Ireland Ltd. All rights reserved. (Mari et al., 2010) 2011). Furthermore, sirtuins and the TOR pathway form a complex contrasting network, in which autophagy is one of the downstream effectors, suggesting that modulation of sirtuins and TOR may, at least partly, be associated with the autophagy-dependent lifespan extension promoted by CR [reviewed in (Blagosklonny, 2010) ]. Interestingly, these players that are implicated in the CR-mediated longevity have also been assigned as modulators of syn toxicity (Crews et al., 2010; Decressac et al., 2013; Donmez et al., 2012; Sampaio-Marques et al., 2012; van Ham et al., 2008; Yeger-Lotem et al., 2009) , but the precise contribution of each, as well as the crosstalk between them, in the context of synucleinopathies, is still elusive. Herein, the effects of CR on syn-mediated toxicity were explored in yeast cells during chronological lifespan (CLS). Our data showed that CR increased the CLS of cells expressing syn. Furthermore, data also suggested that CR effects are associated with decreased Tor1 and Sir2 activities. The crosstalk between Tor1 and Sir2 in the context of synucleinopathies relies in the maintenance of autophagy at homeostatic levels, which appears to be a central phenomenon linked to abrogation of syn toxicity promoted by CR.
Materials and methods

Strains and media
The yeast strains and plasmids used in this study are listed in Table 1 . Cells stocks were maintained in YEPD agar medium containing 0.5% yeast extract, 1% peptone, 2% agar, and 2% glucose. All experiments were performed in synthetic complete (SC) medium containing glucose as a carbon source and 0.67% yeast nitrogen base without amino acids (Difco Laboratories) supplemented with excess amino acids and bases for which the strains were auxotrophic (50 g/mL histidine, 100 mg/L methionine, 300 g/mL leucine and 100 g/mL uracil).
Chronological lifespan
Caloric restriction (CR) was accomplished by reducing the glucose concentration from 2 to 0.5% or 0.05% in the initial culture medium. Overnight cultures were grown in SC medium containing the two different concentrations of glucose and then inoculated into flasks containing medium with the same concentration of glucose at a volume ratio of 1:3. These cultures were then incubated at 26 • C with shaking at 150 rpm. Cultures reached stationary phase 2-3 days later and this was considered day 0 of CLS. Survival was assessed by counting colony-forming units (CFUs) after 2 days of incubation of culture aliquots at 26 • C on YEPD agar plates beginning at day 0 of CLS (when viability was considered to be100%) and then again every 2-3 days until less than 0.01% of the cells in the culture were viable.
Autophagy activity
The monitoring of autophagy was performed according to the protocol described by Noda and Klionsky (Noda and Klionsky, 2008) . Briefly, strains deleted for PHO8 gene were co-transformed with cytPho8 plasmid. At specific time points, 5 × 10 8 cells were collected, harvested, washed in 2 mL of ice-cold water containing 0.85% NaCl, 1 mM PMSF, and resuspended in 300 L lysis buffer (20 mM PIPES, 0.5% Triton X-100, 50 mM KCl, 100 mM potassium acetate, 10 mM MgSO 4 , 10 M ZnSO 4 , and 1 mM PMSF). An equal volume of acid-washed glass beads was added and the cells were lysed by vortexing for 7 min. To start the assay, 100 L of extract was added to 400 L reaction buffer [250 mM Tris-HCl, pH 8.5, 0.4% Triton X-100, 10 mM MgSO4, 4 mM nitrophenyl phosphate (Sigma, N9389)], and samples were incubated 15 min at 37 • C before terminating the reaction by adding 500 L of stop buffer (2 M glycine, pH 11). Evolution of nitrophenol was monitored by measuring absorbance at 405 nm using a microplate reader Model680 (BioRad), and each sample was corrected with the time 0 blank. Protein concentration in the extracts was measured with the Bradford (BioRad) according to the manufacturer's instructions.
Preparation of protein extracts and western blot analysis
For detection of protein levels by western-blot, the total cellular extracts were collected at specific time points and extracted as previously described (Zhang et al., 2011) . Briefly, cells were pretreated with 2 M lithium acetate for 5 min at room temperature. After lithium acetate removal, 0.4 M NaOH were added for 5 min on ice. Next, the cell were resuspended in SDS-PAGE sample buffer and boiled for 5 min. Of total protein, 20 g were resolved on a 12% SDS gel and transferred to a nitrocellulose membrane during 7 min at 25 V in trans-Blot Turbo ® transfer system. Membranes were blocked with tris buffered saline (TBS) with 0.1% Tween 20 (TBST) containing 5% skim milk, followed by incubation with primary antibodies against: anti-␣-syn (1:1000, Sigma); anti-GFP (1:5000; Abcam); anti-acetyl-Histone H3 (Lys9) (1:5000, Millipore); antiHistone H3 (1:5000, abcam); anti-Sir2 (1:5000); anti-actin (1:5000, kindly provide by Dr. Gourlay, C) and anti-PGK (1:5000; Invitrogen) in TBST containing 1% skim milk and primary antibody. After washing with TBS, the membranes were incubated with the respective secondary antibody, HRP-conjugated anti-rabbit IgG, anti-mouse IgG or anti-goat IgG at a dilution of 1:5000 in 1% skim milk. Protein levels were detected after incubation with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific) or Clarity Western ECL Substrate (Bio-Rad). Digital images of the western blotting were obtained in a ChemiDoc XRS System (Bio-Rad) with Quantity One (Bio-Rad) software.
Statistical analysis
The results shown are mean values and standard error of the mean of at least three independent biological replicates. Statistical analyses were determined using two-way ANOVA. A p-value of less than 0.05 was considered as a significant difference. Mean (50% survival) and maximum (10% survival) chronological lifespans determined from curve fitting of the survival data from chronological life span data. Significance was determined between cells grown under NCR or CR conditions expressing vector control or syn (*).The significance determined between cells expressing the vector control or syn wild type within each condition (NCR or CR conditions) was also determined (#). Cell viability was measured at 2-3 day intervals beginning at the day that cultures achieved stationary phase (day 0) and is expressed as% survival compared to survival at day 0 (100%). (C) Autophagic activity were measured through the alkaline phosphatase assay that was carried out in the wild type cells expressing the vector control or syn and co-harboring a plasmid expressing the inactive Pho8 proenzyme targeted to the cytosol, under CR or NCR conditions. Data represent mean ± SEM of three biological independent replicas. The error bars represent the standard error of the mean (SEM). Significance of the data was determined by two-way ANOVA ( *** p < 0.001; # p < 0.001).
Results
Caloric restriction abrogates ˛-synuclein-mediated toxicity through autophagy modulation
Caloric restriction (CR), or reduction of calorie intake without malnutrition, is one of the most robust interventions associated with aging delay, in diverse species from yeast to mammals (Fontana et al., 2010) . This evidence led to the suggestion that CR might also protect against the development of age-related diseases, including neurodegenerative disease, such as Parkinson's disease (PD). Consistently, CR has been shown to increase lifespan of different PD models (Duan and Mattson, 1999; Maswood et al., 2004; Vartiainen et al., 2006) . To the best of our knowledge, CR effects on yeast model for synucleinopathies [yeast cells expressing ␣-synuclein (syn)] were never addressed. Therefore, we decided to explore, the CR contribution for modulation of syn toxicity in yeast cells during chronological lifespan (CLS). To evaluate CR effects on syn toxicity, a yeast model constitutively expressing syn under the control of an endogenous triose phosphate isomerase (TPI) promoter from a single integrated copy was used and CLS was monitored under non-CR (NCR) (medium with 2% of glucose) or CR (medium with 0.5% of glucose) conditions (Mesquita et al., 2010; Sampaio-Marques et al., 2012) . The results showed that CR intervention was able to promote an exacerbated CLS extension of syn-expressing cells similar to CLS displayed by vector controlwild type cells (Fig. 1A) . The determination of the mean (50% survival) and maximum (10% survival) CLS confirmed that CR intervention resulted in an increased mean and maximum lifespan of syn-expressing cells (Fig. 1B) . Notably, CR more than doubles the mean and maximum CLS of cells expressing syn (Fig. 1B) . Altogether, this data suggests that CR abrogates syn toxicity observed during CLS (Fig. 1A, B) .
The pro-longevity mechanisms associated with CR have not been definitively determined. Mounting evidence suggests that induction of autophagy, a physiological process of lysosomal/vacuolar-dependent recycling, is one of the CR-longevity mediators (Aris et al., 2013; Morselli et al., 2010) . Given that our previous work demonstrated that, in aged yeast cells expressing syn, increased autophagy is associated with syn toxicity and consequently with premature aging (Sampaio-Marques et al., 2012) , the relationship between CR, syn-induced toxicity and autophagy was investigated. For such purpose, PHO8 mutant cells expressing syn or harboring the vector control were co-transformed with a plasmid expressing an inactive Pho8 proenzyme targeted to the cytosol, to assess autophagy (Noda and Klionsky, 2008) . Under CR intervention, syn-expressing cells presented significantly lower autophagy activity than that displayed by same cells under NCR conditions (Fig. 1C) . Nevertheless, CR intervention promotes itself a significant increase of autophagic activity when vector control-cells in NCR and CR conditions are compared (Fig. 1C) , suggesting that CR is able to modulate autophagy to homeostatic levels. Although CR promotes an abrogation of syn toxicity associated with modulation of autophagy, this effect is not associated with alteration of the syn levels, since they are similar and independent of CR intervention (Fig. 1A) . We have previously shown that abrogation of mitophagy results in decreased syn toxicity while the syn levels and the number of syn foci were maintained unaltered (SampaioMarques et al., 2012) . Taken together, this data suggests that CR maintains autophagy at physiological levels leading to the abrogation of syn-toxicity and consequent CLS extension.
Abrogation of TOR1 mimics the caloric restriction effects on -synuclein toxicity through autophagy modulation
The reduction of the activity of TOR/Sch9 and Ras/PKA nutrientsensing pathways is a central determinant for life-extending effects of CR (Dilova et al., 2007; Fontana et al., 2010; Kaeberlein et al., 2005) . Thus, we wondered whether TOR1 deletion is sufficient to abrogate syn toxicity independently of other putative CR beneficial effects. The results obtained showed that in NCR conditions, deletion of TOR1 increased the CLS of cells expressing syn to values Significance was determined between wild type and tor1 cells expressing vector control or syn (*).Cell viability was measured at 2-3 day intervals beginning at the day that cultures achieved stationary phase (day 0) and is expressed as% survival compared to survival at day 0 (100%). Autophagy activity (B) of wild type cells submitted to non-CR (NCR) or CR conditions and (C) tor1 cells under NCR conditions. Autophagy activity was evaluated by the GFP-Atg8 processing assay, immunoblotting analysis with antibodies against GFP, in BY4742 and tor1 cells. GFP-Atg8 and GFP bands are labeled. Data represent mean ± SEM of three biological independent replicas. The error bars represent the standard error of the mean (SEM). Significance of the data was determined by two-way ANOVA ( * p < 0.001).
similar to those obtained for vector control wild type cells ( Fig. 2A) . This data suggests that TOR1 deletion abrogates the syn toxicity as observed by CR. Given that exacerbated autophagy mediates syn-induced toxicity and that TOR pathway is a central regulator of autophagy, we decided to evaluate autophagy activity in TOR1 deleted expressing syn, by the GFP-Atg8 processing assay. This assay is based on the vacuolar proteolysis of GFP-Atg8 that results in the release of intact GFP, resistant to degradation in yeast, and is directly correlated with the autophagic flux (Cheong and Klionsky, 2008) . Surprisingly, autophagy, was found to be decreased in TOR1 deleted cells expressing syn, under NCR conditions, when compared to wild type cells expressing syn (Fig. 2C) . Furthermore, TOR1 deleted cells expressing syn displayed an autophagy activity pattern similar to that obtained for wild type cells expressing syn, under CR conditions (Fig. 2B, C) . Altogether the results indicated that modulation of autophagy to homeostatic levels promoted by CR in cells expressing syn is dependent on CR inhibitory effects on TOR pathway. These results are quite puzzling because an inhibition of TOR pathway will natural result in the increase of autophagy and not a decrease, as observed in syn-expressing cells. Therefore, we decided to evaluate other regulators of autophagy such as sirtuin 2 (Sir2) and its relation with TOR pathway.
Tor1 inhibits Sir2 activity, the main regulator of autophagy in syn-expressing cells
Although the nutrient sensing players have a central role in the CR-mediating CLS extension, the metabolic sensor Sir2 was also linked with the longevity effects promoted by CR (Lin et al., 2000; Wood et al., 2004) . Nevertheless, the relationship between CR and Sir2 during CLS remains controversial. We have previously shown that deletion of SIR2 does not have a major impact on CLS but it abrogates syn toxicity through modulation of autophagy (SampaioMarques et al., 2014 (SampaioMarques et al., , 2012 . Furthermore, some evidence supports that sirtuins and TOR can be involved in the same longevity pathway (Medvedik et al., 2007) . Nevertheless, both have opposing effects on autophagy. Active Tor1 inhibits autophagy, while active Sir2 stimulates autophagy (Madeo et al., 2009; Morselli et al., 2010) .
Keeping in mind the role of CR, Sir2 and Tor1 on the modulation of autophagy, we decided to investigate the relationship between them during CLS in the yeast model for synucleinopathies. For such purpose, the Sir2 protein levels were evaluated by immunoblot analysis in wild type cells, during CLS under CR conditions. Data revealed that under CR conditions Sir2 levels are decreased (Fig. 3A,  B) , from day 0 until day 10 of CLS, suggesting that CR regulates Sir2 levels during CLS. Nevertheless, under CR conditions, synexpressing cells still display increased Sir2 levels, at days 3 and 7 of CLS, in comparison with the vector control cells (Fig. 3A, B) , compatible with the known role of Sir2 in syn toxicity Sampaio-Marques et al., 2012) . To complement the above results, Sir2 activity was also determined in the same conditions. Sir2 promotes histone deacetylation, including the histone 3 at lysine 9 (H3K9) (Vaquero, 2009) , which is an indirect measurement of Sir2 activity. We therefore analyzed the effects promoted by CR on the level of histone 3 acetylation by using antibodies that specifically detect acetylated H3K9. Increased H3K9 acetylated levels inversely correlated with Sir2 deacetylase activity. Consistently with the determined Sir2 levels, CR decreases Sir2 activity as reflected by the higher levels of histone H3K9 acetylation (Fig. 3C,  D) . Once again, it is observed that syn-expressing cells presented increased Sir2 activity levels in comparison with the vector control cells (Fig. 3C, D) .
Next, the levels and activity of Sir2 were also assessed in tor1 cells expressing syn, during CLS under NCR conditions. Data showed that TOR1 abrogation leads to a decrease in the Sir2 levels when compared with wild type cells submitted to the same conditions (Fig. 3A, B) . Moreover, it is revealed that the Sir2 levels displayed by TOR1 deleted cells are similar to that showed by the wild type cells submitted to CR conditions (Fig. 3A, B) . Consistently, tor1 cells expressing syn presented decreased Sir2 activity in comparison with wild type cells under NCR conditions and similar activity in comparison with the cells submitted to CR (Fig. 3C, D) .
Together, data suggests that in wild type cells expressing syn, CR leads to the down regulation of Tor1 and Sir2 activities. The data obtained in tor1 cells suggests that Tor1 is a major regulator of Sir2 activity. The hierarchic relationship between Tor1 and Sir2 and the known opposite roles of these two players on autophagy apparently keeps autophagy at homeostatic levels in syn-expressing cells. This mechanism is most probably underlying the benefic effects of CR, dependent on autophagy, on syn toxicity. 
Discussion
Synucleinopathies, as Parkinson's disease (PD), are currently incurable disorders that affect a growing number of individuals. Therefore, the identification of new strategies for therapeutic intervention are of utmost importance. Aging is one of the main risk factors for the development of these disorders. Thus, it is expectable that interventions underlying aging delay might be an effective strategy. The only non-genetic intervention able to delay aging is caloric restriction (CR) (Speakman and Mitchell, 2011) . Here, using a yeast model for synucleinopathies, we found that CR promotes chronological lifespan (CLS) extension of aged yeast cells heterologous expressing the human ␣-synuclein (syn). This is in accordance with previous studies using different models for PD, such as C. elegans, mice or primates, evidencing that CR intervention provide protection and extends lifespan (Cohen et al., 2004; Duan and Mattson, 1999; Jadiya et al., 2011; Maswood et al., 2004; Mladenovic et al., 2007; Vartiainen et al., 2006) .
Aging is commonly associated with decreased autophagy flux that is apparently counterbalanced by CR intervention (Cuervo, 2008) . Data herein present showed that autophagy induction and flux, assessed by GFP-Atg8 processing assay, is different in vector control cells under NCR and CR conditions. It is clear that independently of autophagy induction levels, CR is able to decrease the autophagy flux to homeostatic levels (Fig. 2B) . This seems more evident in vector control cells where CR is able to sustain a constant autophagy flux during CLS in contrast to NCR conditions, in agreement with the protective role of autophagy under CR conditions. Moreover, syn expression promoted an induction of autophagy, as shown by GFP-Atg8 levels, regulated by the endogenous ATG8 promoter, independently of NCR or CR condition. The increased CLS promoted by CR was found to be associated with the maintenance of autophagy at homeostatic levels, which corresponds to a decrease of autophagy in syn-expressing cells when submitted to CR, in comparison with same cells under NCR. We, and others, have demonstrated that syn-induced toxicity is associated with exacerbated autophagy (Choubey et al., 2011; Sampaio-Marques et al., 2012; Stefanis et al., 2001; Xilouri et al., 2009) . Therefore, the data herein presented indicates that CR is not only able to control the exacerbated autophagic levels displayed by syn-expressing cells, but is also capable to maintain the autophagy at homeostatic levels, essential for cellular homeostasis (Liu and Levine, 2015) . The elucidation of the molecular mechanisms underlying CR control of autophagy at homeostatic levels in a syn scenario is therefore of utmost importance.
One of the mechanisms elicited by CR relies is the modulation of the nutrient/metabolic-sensing pathways, including TOR and sirtuins (Dilova et al., 2007) . In this study, we showed that in yeast cells expressing syn, TOR1 abrogation promotes an extension of CLS similarly to that observed in wild type cells under CR intervention, suggesting that CR mediated inhibition of TOR is sufficient to rescue cells from syn toxicity. Our observations are in agreement with those described in other studies demonstrating that TOR inhibition is correlated with decreased syn toxicity and neurodegeneration (Crews et al., 2010; Decressac et al., 2013; Yeger-Lotem et al., 2009) . Surprisingly, TOR1 abrogation resulted in the same autophagic phenotype as observed with CR intervention and thus the role of Sir2 was also explored.
There are many intriguing links among sirtuins, TOR, CR and longevity. CR slows aging in several models, at least in part, by down regulating the activity of TOR. Furthermore, it has been proposed, as an evolutionarily conserved mechanism, that CR leads to the activation of sirtuins (Boily et Inhibition of these two players, particularly Sir2, which activity is elicited by ␣-synuclein expression under non-caloric restriction conditions, led to the maintenance of autophagy at homeostatic levels and consequently to aging delay.
2000; Rogina and Helfand, 2004) . Nevertheless, the link between CR-induced longevity and activation of sirtuins remains tenuous. Despite the controversy around the role of Sir2 in yeast replicative lifespan and CLS and its contribution to CR-extended lifespan, Sir2 is able to modulate autophagy, and is responsible for the exacerbated autophagy elicited by syn expression (Sampaio-Marques et al., 2012) . Herein, we demonstrated that in yeast cells expressing syn, CR promotes inhibition of Sir2. In addition, a crosstalk between Tor1 and Sir2 is suggested, given the data showing that TOR1 deletion leads to the down regulation of Sir2 activity. If it is well accepted that TOR inhibition is associated with the longevity effects promoted by CR, the role of sirtuins in this context is more debatable. The idea that sirtuins mediated the longevity effects promoted by CR was challenged by a work describing the absence of effects of Sir2 overexpression on lifespan of C. elegans and Drosophila melanogaster models (Burnett et al., 2011) . Furthermore, it is also described that Sirt1 can have distinct roles in response to CR-mimics compounds (Morselli et al., 2010; Morselli et al., 2011) . Thus, in an attempt to complete this intricate puzzle, we suggest that in yeast cells expressing syn, CR intervention leads to Sir2 inhibition, which, at least, partially results in the regulation of autophagy at homeostatic levels. Particularly, data suggests that the crosstalk between TOR and Sir2 is most probably promoting the maintenance of autophagy activity at homeostatic levels (Fig. 4) .
In this study, we provide evidence supporting a link between CR, Tor1 and Sir2 in the context of synucleinopathies using a simple model organism. The finding that CR inhibition of Tor1 and Sir2 results in homeostatic autophagy levels and rescue cells from syn toxicity opens novel avenues for intervention in synucleinopathies.
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